The identification of differences in vascular architecture and utilization of angiogenic pathways is a first step for identifying specific targets for tailored antiangiogenic therapies of brain tumor patients. Here, we compared the proliferating vasculature of 2 glioma subtypes with entirely different biologic behaviors and molecular background at the immunophenotype and gene expression levels. Proliferating vessels in 13 pilocytic astrocytomas and 8 glioblastomas were compared for differences in the composition of the vascular walls using confocal microscopy for markers of endothelial cells and pericytes/mural cells. Endothelial, pericytic, and mural cells had normal-appearing arrangements in the vessels in pilocytic astrocytomas, whereas those in glioblastomas appeared to be more disorganized. In addition, differences in expression of angiogenesis-related genes were sought in the tumor specimens using RNA expression arrays. There were 114 out of 2,894 differentially expressed angiogenesis-related genes between these 2 glioma subtypes indicating differences in the utilization of various pathways. These results point to the need for detailed information on mechanisms of neoangiogenesis in tumor subtypes to facilitate the development of specific antiangiogenic strategies.
INTRODUCTION
Gliomas are among neoplasms with the highest degree of neovascularization. Therefore, it may be surprising that antiangiogenic agents have had only limited therapeutic success in these tumors (1, 2) . The efficacy of antiangiogenic therapy improves when agents such as bevacuzimab are combined with cytostatic therapy. This might be explained by the participation of tumor cells in triggering tumor neovascularization (3) . Therefore, the search for angiogenesis-related expression patterns should not be restricted only to the tumor blood vessels.
To identify new targets for future angiogenic strategies, detailed knowledge of aberrant structure and functions of the tumor vessels and of differences in the utilization of angiogenic pathways in physiologic and neoplastic angiogenesis is needed.
Vascularization in tumors is triggered by hypoxia and vascular endothelial growth factor (VEGF) upregulation because of an increased demand for oxygen by rapidly growing cells. Initially, the preexisting vessels of the host are co-opted by the tumor cells, followed by the formation of new blood vessels. Vessel strands composed of single endothelial cells are dependent on VEGF expression to consolidate and escape regression (4, 5) . In diffusely infiltrating gliomas, the vascular density gradually increases (6) and defective regulation of the neovascularization becomes apparent from uncontrolled proliferation of the cellular components of the vessel walls, that is, ''microvascular proliferation.'' The recruitment of pericytes and other mural cells, however, is defective, resulting in unstable vascular channels (7) . The vessels ultimately progress into the dysfunctional glomeruloid and pseudosarcomatous structures that are characteristic of glioblastoma (GBM) (8) . The malformed vessels are leaky, and there is disruption of the blood-brain barrier. Interestingly, microvascular proliferation also develops in pilocytic astrocytomas (PAs), which have a very different genetic background and biologic behavior (9) . High cell density, high proliferation of tumor cells, and necrosis are generally absent in PAs (10, 11) . In contrast to the molecular background of diffuse infiltrating gliomas, which often harbor mutations of TP53 and IDH1, loss of heterozygosity for 10q, and endothelial growth factor receptor amplification, most PAs are genetically characterized by the KIAA1549-BRAF duplication insertion (12) . The effects of the genetic characteristics of tumors on neoangiogenesis are largely unknown. In papillary thyroid carcinomas carrying the BRAF V600 mutation, a relationship with hypoxia inducible factor-1> (HIF-1>) expression was identified (13) , but no such association with the KIAA1549-BRAF duplication insertion in PAs has been revealed. Only a few studies have focused on structural and qualitative differences between the vasculature of PA and high-grade diffusely infiltrating glioma (14) .
In the present study, we sought to identify structural differences of the proliferating vessels of both glioma subtypes using multiple markers for endothelial cells, pericytes, and mural cells for analysis by confocal microscopy. At the gene expression level, we focused on angiogenesis-related pathways. Comparing the structural characteristics of the vasculatures of GBM and PA and underlying angiogenesis-related RNA expression patterns may reveal differences in the utilization of molecular pathways and the underlying stimuli of neoangiogenesis.
MATERIALS AND METHODS

Patients and Tumor Samples
A total of 21 gliomas were used for this study, including 13 PAs and 8 GBMs. Ten fields harboring areas of proliferated vasculature were selected in each tumor sample by 2 authors (Johan Kros and Dana Mustafa) and used for fluorescent triple labeling. Inspection of the various single-, double-, and triplelabeled slides was performed independently by the authors. All 13 PAs contained the KIAA1549-BRAFF duplication/ insertion, as tested by FISH (Kreatech Diagnostics, Amsterdam, The Netherlands). The GBMs were isocitrate dehydrogenase 1 (IDH1) wild type and did not have TP53 mutations (primary GBM). RNA expression arrays were obtained from 7 of 13 PAs and all 8 GBMs (Table 1 ). In addition, formalin-fixed, paraffin-embedded samples from 7 control autopsy brains were used for single, double, and triple immunostaining (Table 1) .
Immunohistochemistry
All 13 PAs and 8 GBMs were used for the immunofluorescence studies. Because cells of various lineages may take aberrant positions in the vessels walls, the inner, middle, and outer layers were evaluated as follows: the inner layer is the cell layer bordering the lumen of the vessel; the outer layer is the cell layer bordering the surrounding neuropil; and the middle layer takes the position between the inner and outer cell layer. Small vessels had 1 layer; hypertrophic and glomeruloid vessels had more than 1 layer. Glomeruloid vessels appear as nodular tufts rather than tubular structures. Markers for endothelial cells, activated endothelial cells, and pericytic/ mural cells were used to characterize the cellular components of the blood vessel walls. The cellular constituents of the microvasculature of gliomas were identified as CD31-positive, CD34-positive endothelial cells; CD105-positive activated endothelial cells; NG2-positive/endosialin-positive pericytes (15Y19); and >-smooth muscle actin (SMA)Ypositive mural cells. In previous studies, colligin 2 (heat shock protein 47), a chaperone for collagen, was found to be specific for the neovasculature of diffusely infiltrating gliomas as opposed to vasculature of normal brain (20, 21) .
In addition, immunostaining for VEGF-A and HIF-1> was performed on adjacent slides of the selected areas. All 
Single Staining
Adjacent sections of 5-Km thickness were used for immunohistochemical comparisons. All antibodies used and their specifications are listed in Table 2 . Staining procedures were as reported previously (20) . Immunohistochemical staining was performed following the manufacturer's instructions (alkaline phosphatase technique). The sections were deparaffinized in xylene for 15 minutes and rehydrated through graded alcohols and washed with water and with PBS. The sections were then incubated with the specific antibodies for 30 minutes. After washing with PBS, the corresponding secondary antibody was added and incubated for 30 minutes at room temperature. Fuchsin Alkaline Phosphatase Substrate Solution (Dako, Glostrup, Denmark) was freshly prepared, and the sections were then incubated for about 30 minutes, washed with tap water, counterstained, and coverslipped with permanent mounting medium.
Double Staining
Double immunolabeling for colligin 2 and the various markers for endothelial cells and pericytes was performed as previously described (20) . Adjacent 5-Km-thick slides of tissue samples were mounted onto noncoated microscope slides, fixed in acetone for 15 minutes, and air-dried. Sections were incubated with antiYcolligin 2 polyclonal antibody for 30 minutes, washed, and incubated with Cy3-conjugated goat anti-rabbit immunoglobulin for 30 minutes. After washing, sections were incubated with the second monoclonal antibody for 30 minutes, followed by 30 minutes of labeling with biotinYhorseYanti-mouse antibody. The fluorescein isothiocyanate (FITC)Y conjugated avidin method was used for detection. Nuclei were counterstained with 4 ¶,6-diamidino-2-phenylindole (DAPI) in a vector sheet (1:1000). All antibodies were also used in single staining procedures to ensure the specificity of the antibody; negative controls included the secondary antibody alone for both single and double staining procedures.
Triple Staining
In triple immunolabeling, immunohistochemistry for colligin 2 and CD31 was combined with markers for activated endothelial cells (CD105), for pericytes (NG2; endosialin), or for other mural cells (SMA). The 6 frozen biopsy samples of PAs were used for the triple staining. Adjacent slides of 5-Km-thick sections were mounted onto noncoated microscope slides, fixed in acetone for 15 minutes, and air-dried. Sections were incubated with antiYcolligin 2 polyclonal antibody for 30 minutes, washed, and incubated again with Cy5-conjugated donkey anti-rabbit for 30 minutes. After washing, sections were incubated with the monoclonal antibody to CD105, SMA, NG2, or endosialin, then washed and incubated with biotinlabeled horse anti-mouse antibody. Fluorescein isothiocyanateY conjugated avidin was used for detection. After washing, sections were incubated with anti-CD31 and anti-colligin 2 monoclonal antibody for 30 minutes, followed by 30 minutes of labeling with Cy3-conjugated goat anti-mouse antibody. After washing, nuclei were counterstained with DAPI, as above, and the slides were then coverslipped. Staining controls were as previously described.
Confocal Laser Scanning Microscopy
Confocal images of double-and triple-stained sections were obtained using a confocal laser scanning microscope (LSM510; Carl Zeiss MicroImaging, Jena, Germany) equipped with a Plan-Neofluar 40Â/1.3 NA oil objective (Carl Zeiss MicroImaging). A diode laser was used for excitation of DAPI at 405 nm, an argon laser for FITC at 488 nm, a HeNe-laser for Cy3 at 543 nm, and a HeNe-laser for Cy5 at 633 nm. For DAPI, an emission bandpass filter of 420 to 480 nm; for FITC, a bandpass filter of 500 to 530 nm; for CY3, a bandpass filter of 560 to 615 nm; and for Cy5, a longpass filter of 650 nm 
RNA Expression Profiles and Pathway Analysis
Because angiogenesis-related molecules are not only expressed by cells constituting the vessel walls but also by surrounding cells (i.e. glial cells, endothelial progenitor cells, and microglia), whole tissue sections were used for the expression arrays. The procedure of nucleic acid isolation, cDNA synthesis, and array hybridization was reported previously by Gravendeel et al (22) . Total RNA and genomic DNA were isolated from 20 to 40 cryostat sections of 40-Km thickness using Trizol (Invitrogen, Billerica, MA) according to the manufacturer's instructions (23) and further purified on RNeasy mini columns (Qiagen, Valencia, CA). RNA quality was assessed on a Bioanalyzer (Agilent Technologies, Santa Clara, CA). High-quality RNA (1Y2 Kg; RNA integrity number 96.5 [24] ) was used. Double-stranded cDNA synthesis and labeled cRNA synthesis were performed according to the Affymetrix Eukaryotic One-cycle cDNA synthesis protocol (Affymetrix, Santa Clara, CA). Affymetrix HU133 Plus 2.0 microarrays were hybridized overnight with 10 Kg of biotin-labeled cRNA. Gene chips with a glyceraldehyde-3-phosphate dehydrogenase 5 ¶/3 ¶ ratio greater than 4, present calls less than 30%, unsuccessful room temperature controls, or a background greater than 200 were excluded. Robustness of sample processing was assessed using 8 biologic replicates and 3 technical replicates. Replicates were not included in any analysis. Sample labeling and array hybridization on 250K NspI arrays were performed using high-quality genomic DNA according to the Genechip Mapping 500K Assay Manual (n = 40) (Affymetrix). Sample labeling and array hybridization on single-nucleotide polymorphism 6.0 arrays were performed using Trizol-extracted, Repli-G (Qiagen)Yamplified genomic DNA by AROS Applied Biotechnology AS according to standard Affymetrix protocols (n = 15).
Raw intensity values of all samples were normalized by Robust Multichip Analysis normalization, including background correction and quantile normalization using the Partek version 6.5 (Partek Inc., St. Louis, MO). The normalized data file was transposed and imported into OmniViz version 6.0.1 (BioWisdom Ltd., Cambridge, UK) for further analysis. For each probe set, the geometric mean of the hybridization intensity of all samples was calculated. The level of expression of each probe set was determined relative to this geometric mean and 2 log-transformed. The geometric mean of the hybridization signal of all samples was used to ascribe equal weight to gene expression levels with similar relative distances to the geometric mean. Differentially expressed genes were identified using statistical analysis of microarrays. Cutoff values for significantly expressed genes were a false discovery rate of 0.01 or less and a fold change of 1.5. Functional annotation of the statistical analysis of microarrays results was done using Ingenuity Pathway Analysis (Ingenuity, Mountain View, CA).
RESULTS
Comparison of the Vasculature of PA and GBM
All vessels in 10 representative fields of the tumor specimens were examined, and vessels of similar sizes in both glioma subtypes were characterized by immunohistochemistry and compared by 2 observers (Johan Kros and Dana Mustafa). The results of the analysis by confocal microscopy of the immunofluorescent multilabeling are summarized in Table 3 . In line with previous investigations (21), colligin 2 expression was present in all vessel subtypes, including newly formed vessels, and in all cells constituting the blood vessels in PAs and GBMs (Figs. 1Y4) . The distribution of the cells with the respective endothelial, pericytic, or mural lineages within the inner, middle, and outer layers of the hypertrophied/glomeruloid vessels differed between the 2 glioma subtypes (Table 3 ; Figs. 2, 3) . In hypertrophic and glomeruloid vessels of PAs, there were increased cell numbers, but the relative position of the endothelial, pericytic, and mural cells remained intact. Unlike in GBMs, endothelial cells in the PAs were confined to the inner layer of the hypertrophied and glomeruloid vessels (Figs. 2B, C; 4B). NG2-positive/endosialin -positive pericytes are found in the inner layers of the hypertrophied and glomeruloid vessels of the GBMs, but not in these vessels of the PAs (Figs. 1B; 2C; 3; 4B, C). Another distinction between the vasculature of GBM and PA was the paucity of thrombotic and recanalized vessels in the latter. The small vessels of the PAs are immunopositive for collagen type IV (Fig. 1) , whereas similar vessels in GBM lacked expression of collagen type IV. The expression of VEGF-A and HIF-1> varied in both PAs and GBMs; both were higher in the GBMs than in the PAs. A mean of 40% (36Y45%) VEGF-A positive cells were identified in all GBMs; 40% of cells were positive (mean of 36% and 45%). In all PAs, VEGF-AYimmunopositive cells were present, and the mean percentage was 20% (20% and 20% for the 2 observers). Hypoxia inducible factor-1> immunopositivity was obtained in all GBMs and PAs. The mean percentage of HIF-1>Ypositive cells was 18% in the PAs (14% and 22%) and 63% in the GBMs (55% and 70%) for the 2 observers, respectively.
RNA Expression Arrays
RNA expression patterns of 7 PAs were compared with those of 8 GBMs and 7 normal brain samples (Table 1) . Differentially expressed genes between PAs and the GBMs were identified. Cutoff values of false discovery rates of 0.01 or less and a fold change of 1.5 yielded 4,245 records (2,894 genes) (Ingenuity). Generally, 455 genes out of the total of 2,894 differentially expressed genes belonged to pathways involved in cell cycle regulation. There were differences in the utilization of the genes involved in the HIF-1> pathway between PAs and GBMs.
Angiogenesis-Related Gene Expression Patterns
Focusing on angiogenesis-related genes yielded 114 differentially expressed genes (represented by 159 probes) (Ingenuity). In PAs, 41 out of the 114 genes were upregulated versus GBM. The top 10 canonical pathways in which these genes take part are shown in Table 4 . Most prominently, there were differences in the utilization of molecules taking part in the pathway of hepatic fibrosis/hepatic stellate cell activation, fibroblast growth factor (FGF) signaling, and neuregulin signaling (Table 4) . Conversely, 73 out of the 114 angiogenesisrelated genes (represented by 105 probes) were upregulated in GBMs versus PAs. The hepatic fibrosis/hepatic stellate cell activation pathway featured most prominently; this was followed by axonal guidance signaling (Table 4 ). We also looked for genes involved in angiogenesis in embryonic development in the set of genes that were specifically upregulated in PAs and found 32 genes (43 probes). The top 10 canonical pathways are shown in Table 4 . There appeared to be a large overlap with the pathways found by only focusing on angiogenesis (Table 4) . Filtering for the genes involved in both angiogenesis in embryogenesis that were upregulated in GBM resulted in a list of 64 genes (89 probes). Of the top 10 canonical pathways, the hepatic fibrosis/hepatic stellate cell activation pathway again was prominently featured (Table 4) .
DISCUSSION
In the present study, we compared the hypertrophic vasculature of PA and GBM by confocal microscopy to coexpression patterns of vascular cell lineage markers. In addition, we compared the expression profiles of the tumors focusing on angiogenesis-related genes. We found structural differences of the newly formed blood vessels between the glioma subtypes and also differences in the utilization of angiogenic pathways. In contrast to GBMs, the cellular composition of the hypertrophic and glomeruloid blood vessels in PAs generally had organized appearances. In early studies on the vasculature of PAs, it was suggested that endothelial cells would not take part in the cellular proliferation of the vessel walls (25, 26) , but specific lineage markers for endothelial cells used in the present study proved the contrary. In the PAs, the pericytes remained in an abluminal position.
Endosialin (initially called ''tumor endothelial marker 1'' [TEM1]) was introduced as a marker for tumor-associated endothelial cells (16, 27, 28) but appeared to be expressed by cells surrounding endothelial cells, also known as mural cells in human neoplasms (15, 16) . Although the expression of endosialin in the vasculature of experimental tumors is not restricted to pericytes, we did not find any overlap with endothelial cells in this study. In mouse development, endosialin is expressed by endothelial and fibroblast-like cells (28, 29) . The expression in fibroblast-like cells is prominent around buds of developing endothelia as seen in developing kidney and lung (29) . In mouse knockouts of endosialin, the development of tumor xenografts is hampered because of maldevelopment of the vasculature (29) ; this points to a role for endosialin in the interplay among tumor cells, endothelium, and surrounding mesenchymal cells.
In the present study, we also found that expression of NG2 was in all types of GBM blood vessels and in the PA vasculature, although it was more restricted in the latter. NG2 is a transmembrane proteoglycan that serves as a promoter of angiogenesis; it is reportedly expressed in pericytes and stromal cells around newly formed blood vessels (30) . The relative preserved position of the pericytic cells in the vessels of the PAs (in contrast to that in GBM) may reflect intact regulation of angiogenesis.
The cellular layering of the vessel walls in PA appears to be regular and organized, and unlike the situation in GBM, the lumina are generally patent. In a recent study, the blood vessels of 59 PAs and 62 GBMs were compared by conventional microscopy, and the diameters of the vessels in PAs were found to be larger than those in GBMs (14) . By immunohistochemistry, the authors did not find substantial differences for angiopoietin-1 and -2 and VEGF-A expression between the glioma subtypes (14) . The present findings confirm the expression of angiopoietin-1 and -2 and VEGF-A in both PA and GBM, but the expression was more extensive in the latter, suggesting more severe hypoxic conditions in the GBM. In glioma xenografts, the formation of glomeruloid vascular structures appeared to correlate with expression levels of Ang1, and no such structures were formed when its cognate receptor Tie2 was blocked (31) . The glomeruloid vessels reflect improperly accelerated angiogenesis resulting in dysfunctional abortive vascular proliferation (32) . The differences in expression of >SMA, endosialin, and NG2 may reflect differences in proliferation and recruitment of the cellular constituents of the hypertrophied blood vessels caused by differences in the amounts of the hypoxia-related regulatory factors present and in the contribution of intrinsic tumor type-associated developmental pathways.
The morphologic diversity of glioma blood vessels has been addressed in previous studies (14, 33) , but there are few data on differences in underlying molecular stimuli. The genes that discriminated most between PAs and GBMs seem to be involved in cell cycle regulation; this confirms data in the literature on gene expression in glioma subsets (34Y37). Unsupervised analysis of gene expression in glioma subsets revealed tumor lineage (35, 36) and tumor grade (34) as major classifiers. In a study in which PAs and low-grade diffusely infiltrating gliomas were compared for discriminating gene expression patterns, immune systemYrelated genes, genes involved in cell adhesion, migration, and some angiogenesisrelated genes were found to be differentially expressed (35) . Using higher-order transcriptional network analysis of gene expression data sets to identify gene regulatory pathways specific to various glioma types and grades, Deshmukh et al (38) mainly found differences in transcription factors but no angiogenesis-related genes. Colin et al (37) compared PAs with GBMs using suppression subtractive hybridization to the mRNA of 4 GBMs and 4 PAs and discovered that no more than 5 angiogenesis-related genes were overexpressed in GBM, whereas none were in the PA group. In the present study, we focused on expressional differences of angiogenesisrelated genes and pathways and found transcriptional differences. Among the top 10 canonical angiogenesis-related pathways in which differential utilization was demonstrated, the hepatic fibrosis/hepatic stellate cell activation pathway emerged as most prominent. On various external stimuli and proinflammatory events, liver stellate cells secrete cytokines linking to various cascades, among which is the NF-JB pathway. Nuclear factor-JB activation (phosphorylation of IJB>) is involved in lipopolysaccharide/interferon-FY or interleukin-1A/interferon-FYinduced inducible nitric oxide synthase expression in normal astrocytes (39) . The NF-JB pathway is activated in GBM-initiating cells (40, 41) and is activated by Bmi-1 overexpression, triggering glioma angiogenesis in orthotopically transplanted human gliomas (42) , offering new targets for antiangiogenic therapy in gliomas. The hepatic fibrosis/hepatic stellate cell activation pathway has never previously been connected to glial neoplasms, but the association between inflammatory response, angiogenesis, and tumor formation is an emerging concept (43) . Involvement of the FGF family in glioma genesis and angiogenesis is well known. Recently, activating mutations in 2 hotspots within In the first column, the differentially expressed genes are listed. The gene symbols represent the angiogenesis-related genes of which the expressional levels were found to be significantly different, either upregulated in pilocytic astrocytoma (PA) or in glioblastoma (GBM). Values of p and ratios are listed in columns 3 to 6. In the second column, the pathways in which the genes participate are listed. Some pathways may be present in the list for PA as well as GBM because of significant expressional differences of subsets of participating genes.
*log (p value). †ratio. FGF indicates Fibroblast Growth Factor; HGF, Hepatocyte Growth Factor; NO, Nitric Oxide; ILK, integrin Linked Kinase; VDR, vitamin D Receptor; RXR, Retinoid X Receptor.
the kinase domain of FGF receptor 1 (FGFR1) were discovered in some PAs (44) , whereas the present study identified upregulation of FGF-2 in the PAs (Table 4) . Fibroblast growth factor-2 serves as a proangiogenic factor, and anti-FGF agents have significant effects on tumor growth in vitro (45) . The question of whether specificity of inhibiting agents for the various molecules in angiogenic pathways would show different effects in PA versus GBM remains to be investigated. The results of immunohistochemistry for VEGF-A and HIF-1> (considered as indicators of hypoxia) showed a considerable number of hypoxic cells in the PA samples, corroborating the finding that the VEGF/VEGFR pathway is involved in diffuse astrocytoma as well as in PA. Furthermore, in both glioma subtypes, the hypoxia-driven pathways are active, but there are differences in utilization of the participating molecules. Differences in the utilization of the VEGF pathway have been reported for the 3 malignancy grades of diffusely infiltrating astrocytomas: angiogenic activity of VEGF was correlated with that of insulin-like growth factor binding protein 2 and both molecules seemed to be overexpressed around palisading necrosis while their activity significantly differed between tumors of different malignancy grades (34) . So far, there are no data on possible differences between diffuse gliomas and PAs in this regard.
In conclusion, further studies are necessary to link differences in utilization of particular angiogenesis-related pathways to mechanisms of neoangiogenesis and resulting structural abnormalities of the blood vessel walls in PAs and GBMs. Detailed knowledge of aberrant angiogenic processes may lead to defining new targets for effective antiangiogenic therapies for gliomas.
